Aquaporins are believed to be involved in homeosmotic mechanisms of marine teleosts. Increasing data suggest that these molecular water channels play critical roles associated with the adaptation of gametes and early embryos to the external spawning environment. In this mini-review, we discuss recent studies suggesting the function of aquaporin-mediated fluid homeostasis during spermatozoa activation and egg formation in teleosts. In addition, we address the potential role of water channels in osmosensing and cell migration during early embryonic development.
INTRODUCTION
Marine and freshwater teleosts are constantly exposed to opposite osmotic gradients leading respectively to passive influx or efflux of water and ions. Such gains and losses are compensated through the coordinated control of osmoregulatory organs that mediate opposite fluxes within body fluids in order to maintain homeosmotic balance (Marshall and Grosell, 2006) . Amongst other mechanisms, water channels or aquaporins have been implicated in this process. Recent studies have advanced this notion by revealing that teleosts harbor a large repertoire of water-selective aquaporins and water and solute (glycerol, urea) permeable aquaporins, also known as aquaglyceroporins Tingaud-Sequeira et al., 2010 ). An overview of the evolution and nomenclature of piscine aquaporins, including the recently renamed aquaporin-1 paralogs, as well as their permeability properties and expression profiles, is provided by Cerdà and Finn (2010) and Finn and Cerdà (2011) .
In this mini-review, we focus on the early stages of teleost development. Oviparous marine and catadromous teleosts release their gametes into the marine environment where external fertilization takes place. Considering that the gametes lack the adult organs that deal with ion and water balance, it seems likely that molecular adaptations should be present in the reproductive organs, gametes, and early embryos to cope with the external osmotic challenges. We therefore discuss recent studies that highlight the mechanistic roles of aquaporins, and how such channels may be associated with the adaptation of teleosts to diverse life histories and habitats.
AQUAPORIN EXPRESSION AND FUNCTION DURING SPERMATOGENESIS
During spermatogenesis diploid spermatogonia associated with somatic Sertoli cells enter meiosis to become primary and secondary spermatocytes, and eventually haploid spermatids, which elongate and differentiate into flagellated spermatozoa. In teleosts, this process is regulated by pituitary gonadotropins, via specific receptors in Leydig and Sertoli cells, through the synthesis and release of sex steroids (androgens and progestins) and growth factors, respectively (Schulz et al., 2010) . The final stage of spermatogenesis or "spermiation" principally involves the production of hydrated seminal fluid that facilitates the acquisition of motility and the passage of spermatozoa through the sperm ducts (Scott et al., 2010) .
In mammals, different aquaporins are found in spermatozoa, as well as in testicular germ and somatic cells (Yeung, 2010) . Aquaporin-7 (AQP7) is localized in late spermatids, both in the cytoplasm and later in the plasma membrane, whereas AQP8 shows a more variable distribution from restriction to certain spermatogenic cell types to all germ cells. Elongating spermatids also express the intracellular AQP11 in the caudal cytoplasm. These three aquaporin isoforms are subsequently found in spermatozoa, as well as AQP3, although they are differentially localized along the sperm tail (Yeung, 2010; Chen et al., 2011a) . Although a role of AQP8 in volume regulation of murine spermatozoa has recently been suggested (Yeung et al., 2009) , knockout mice models for AQP7 and -8, have failed to show clear phenotypes during spermatogenesis or sperm viability (Yang et al., 2005; Sohara et al., 2007) . The function of AQP11 is also yet uncovered because AQP11 knockout mice die of renal failure before puberty (Morishita et al., 2005) . However, a recent study shows that AQP3-deficient sperm displays defects in volume regulation and excessive cell swelling upon physiological hypotonic stress in the female reproductive tract (Chen et al., 2011a) .
In teleosts, as suggested for mammals, aquaporins may be involved in the hydration of the seminal fluid as well as in sperm physiology. However, although mRNAs of different aquaporin paralogs have been found in the teleost testis , their specific cellular localization and the function of the protein products during spermatogenesis remain to be investigated. Recently, Zilli et al. (2009) have investigated the role of aquaporins during the activation of spermatozoa motility in marine teleosts. In these species, the hyperosmotic challenge faced by the spermatozoa when discharged into seawater leads to a rapid water efflux. This rapid efflux, which causes membrane hyperpolarization resulting in the activation of cell motility (Alavi and Cosson, 2006; Zilli et al., 2008) , was suggested to be mediated by aquaporins (Cosson et al., 2008) . By using specific antibodies, Zilli et al. (2009) showed that both the water-selective Aqp1aa and the aquaglyceroporin channel Aqp10b (formerly named GLP; Santos et al., 2004) are indeed expressed in the head and flagellum of gilthead sea bream (Sparus aurata) spermatozoa. Further functional expression and sperm activation assays in the presence of mercury chloride, a non-selective inhibitor of aquaporin permeability, suggested that Aqp1aa might mediate sperm activation (Zilli et al., 2009) . The model proposed by the authors suggests that the hyperosmotic stimulus upon release of spermatozoa into seawater induces the accumulation of Aqp1aa in the plasma membrane to facilitate the rapid water efflux. This results in the reduction of cell volume and concomitant rise of the intracellular ion concentration, which in turn activates the cAMP signaling-pathway leading to the downstream phosphorylation of the flagellar proteins and the initiation of sperm motility. This model may be premature, however, since it is based on sperm activation assays in the presence of the aquaporin inhibitor HgCl 2 and the reducing compound β-mercaptoethanol (which can not reverse the mercurial inhibition of Aqp10b expressed in Xenopus laevis oocytes; Santos et al., 2004; Zilli et al., 2009) , and therefore further studies using more specific inhibitors are needed. In addition, a number of key questions remain to be addressed, such as the role of Aqp10b-mediated water and/or solute transport in spermatozoa and of other aquaporins during germ cell differentiation, and the distribution and function of aquaporins in Sertoli and Leydig cells.
Whether the expression of aquaporins during teleost spermatogenesis is hormonally controlled still needs to be clarified. In mammals, AQP8 is expressed in the Sertoli cells of all testicular tubules, whereas AQP0 is only expressed within Sertoli cells in tubules containing elongating spermatids just before being released into the lumen (Hermo et al., 2004) . These observations suggest that AQP0 might be hormonally regulated. However, whether AQP0 or -8 in Sertoli cells are modulated by steroids, as it occurs for AQP1 and -9 in the epididymis (Oliveira et al., 2005) or for AQP2 in the uterus (Jablonski et al., 2003) , remains to be investigated. In teleosts, the hydration of the seminal fluid during spermiation and acquisition of sperm motility seems to be regulated by progestins such as 17,20β-dihydroxypregn-4-en-3-one (17,20βP) or 17,20β,21-trihydroxypregn-4-en-3-one (20β-S; Scott et al., 2010) . These steroids can potentially activate nuclear progestin receptors expressed in Sertoli and Leydig cells, spermatogonia and/or spermatocytes (Miura et al., 2006; Chen et al., 2010b Chen et al., , 2011b Hanna et al., 2010) . In addition, progestins can directly stimulate spermatozoa hypermotility through membrane receptors coupled to adenylyl cyclase located in the plasma membrane (Tubbs et al., 2011) . Therefore, it will be of interest to investigate if testicular and sperm aquaporins may be under 17,20βP-or 20β-S-mediated transcriptional and/or posttranslational regulation.
ROLE AND MOLECULAR REGULATION OF AQUAPORINS IN THE OOCYTE
In mammalian oocytes, expression of mRNAs encoding different aquaporins has been described (e.g., Edashige et al., 2000) , although so far detection of the corresponding polypeptides remained elusive, except for AQP3 in bovine oocytes (Jin et al., 2011) . In the granulosa and theca cells associated to the oocyte, however, several functional aquaporins such as AQP1-4, -5, and -9 are differentially localized (Skowronski et al., 2009; Thoroddsen et al., 2011) .
As an adaptation to the hyperosmotic condition of seawater, the oocytes of oviparous marine teleosts hydrate during meiosis resumption (oocyte maturation). This mechanism provides a water reservoir in the embryo to compensate for the passive water efflux until osmoregulatory organs develop, and improves oxygen exchange and egg dispersal in the ocean (Fyhn et al., 1999; Finn and Kristoffersen, 2007; Cerdà, 2009; Finn and Fyhn, 2010) . Early studies in the gilthead sea bream (Fabra et al., 2005 (Fabra et al., , 2006 , and later in the Japanese eel (Anguilla japonica; Kagawa et al., 2009 Kagawa et al., , 2011 , identified the novel role of Aqp1ab in this process. This duplicated paralog facilitates the temporal water permeation and the preovulatory swelling of the oocyte. The mechanism is coregulated with yolk proteolysis and ion fluxes that generate the intracellular osmotic driving force for fluid transport, a feature well established in both old and modern teleost species (Cerdà et al., 2007; Kristoffersen et al., 2009) . Further functional, genomic and phylogenetic analyses revealed that Aqp1ab belongs to a teleost-specific subfamily of water-selective aquaporins, which evolved by tandem duplication of a common ancestor (Martinez et al., 2005; Raldúa et al., 2008; Tingaud-Sequeira et al., 2008 , 2010 Zapater et al., 2011) . Interestingly, aqp1ab transcripts have also been found in the ovary of the freshwater teleost stinging catfish (Heteropneustes fossilis), in which oocytes moderately hydrate during meiotic maturation (Singh and Joy, 2010) , although the role of Aqp1ab in the oocyte of this species is yet unknown (Chaube et al., 2011) .
The role of Aqp1ab during oocyte hydration in marine teleosts is supported experimentally by the observation that the swelling of oocytes is blocked by aquaporin inhibitors such as mercury and tetraethylammonium (Fabra et al., 2005 (Fabra et al., , 2006 Kagawa et al., 2009 ). However, these compounds can also affect K + channels and other ion transport proteins (Armstrong, 1990; Jacoby et al., 1999) , which may play a role for inorganic osmolyte accumulation in the oocyte (Cerdà et al., 2007; Kristoffersen and Finn, 2008) . More conclusive data have been recently obtained in the Atlantic halibut (Hippoglossus hippoglossus), a marine teleost that reproduces at low temperature and spawns one of the largest pelagic eggs known (Zapater et al., 2011) . In this study, Atlantic halibut oocytes undergoing hydration were microinjected with an antiserum specific for halibut Aqp1ab, resulting in a dose-dependant inhibition of oocyte hydration in the presence of yolk hydrolysis. The immunological inhibition could be fully reversed by the artificial expression of halibut Aqp1aa which is not recognized by Frontiers in Physiology | Aquatic Physiology the antibody. Therefore, these findings indicate that the decrease of oocyte hydration of Atlantic halibut oocytes can be directly related to the loss of function of Aqp1ab, providing for the first time functional evidence of the essential physiological role of this water channel.
Recent studies in the gilthead sea bream have begun to dissect the molecular mechanisms involved in the physiological regulation of Aqp1b in the oocyte. Preliminary data suggest that transcriptional activation of the aqp1ab promoter in primary growth oocytes may be dependent on Sry-related high mobility group [HMG]-box (sox) genes, as well as on the nuclear progestin receptor, which are highly expressed in oogonia (Zapater et al., unpublished data) . This mechanism likely results in the accumulation of high levels of aqp1ab transcripts and Aqp1ab peptides in primary growth oocytes. Subsequently, Aqp1ab-containing vesicles are transported toward the oocyte cortex throughout the period of oocyte growth, and during meiotic maturation and hydration they are temporarily inserted into the oocyte plasma membrane (Fabra et al., 2006) . Structural analyses have revealed that the cytoplasmic tail of Aqp1ab, although highly divergent among teleosts, retains specific motifs that regulate vesicular trafficking, and therefore they may be involved in the control of Aqp1ab translocation into the oocyte plasma membrane during hydration (TingaudSequeira et al., 2008; Chaube et al., 2011) . These processes appear to involve alternative mechanisms of phosphorylation and/or dephosphorylation of specific C-terminal residues, but the specific intracellular signaling pathways involved are yet unknown. These observations thus indicate that Aqp1ab in the oocyte is tightly regulated at the transcriptional and post-translational level during oogenesis, oocyte growth, and meiotic maturation.
The studies carried out so far are revealing that the Aqp1ab-mediated mechanism of oocyte hydration in marine teleosts is a conserved and highly regulated process, based on the interplay between osmolyte generation and the controlled synthesis and insertion of Aqp1ab at the oocyte surface. However, there are still many unresolved issues, such as the transductional pathways activated in the oocyte during hormone-induced meiotic maturation and hydration that coordinate osmolyte generation, Aqp1ab intracellular trafficking and meiosis resumption. In this regard, it will be of interest to investigate the role of G proteincoupled progestin receptors on the oocyte surface, as well as the classical nuclear progestin receptor, during the control of Aqp1ab trafficking, as these receptors may be the physiological transducers of progestins to activate meiosis resumption (Thomas et al., 2004) . However, it is known that in the teleost ovary, in addition to aqp1ab, mRNAs encoding many other aquaporin paralogs are found , although the cellular sites of expression have not yet been defined. Whether the accumulation of these transcripts corresponds to maternal messengers stored in oocytes required for early development, or reflect the coordinated role of different aquaporins in ovarian fluid homeostasis, remains to be investigated.
AQUAPORINS IN EMBRYONIC DEVELOPMENT
Very limited information is available on the localization and function of aquaporins during mammalian and teleost early embryonic development. In the mammalian morula, AQP3, -8, and -9 are detected in the cell-cell contact domains of blastomeres, despite observations that these embryos show very low water and solute permeability (Barcroft et al., 2003; Edashige et al., 2007) , although this may differ among species (Jin et al., 2011) . At the blastula stage, blastoderm cells express only AQP3, whereas AQP3 and -8 are accumulated at the basolateral membranes of trophectodermal epithelial cells of blastocysts, which also express AQP9 at the apical membrane (Barcroft et al., 2003) . The change in the subcellular localization of these aquaporins coincides with the enhanced water permeability of blastula stage embryos, and consequently it was suggested that these channels may mediate transepithelial water and solute movements. (Barcroft et al., 2003) . The function of these aquaporins could compensate each other because AQP3 knockout mice can develop to term (Ma et al., 2000) . Moreover, solute permeability is not completely abolished in embryos in which AQP3 expression has been suppressed by injection of AQP3 double-stranded RNA (Edashige et al., 2007) .
During teleost embryonic development, changes in the expression and cellular localization of aquaporins have only been investigated in zebrafish (Danio rerio) and common mummichog (Fundulus heteroclitus; Tingaud-Sequeira et al., 2009; Chen et al., 2010a) . In zebrafish, aqp1aa, -3a, -7, and -10b transcripts are detected at the 2-4 cell and morula stages (Figure 1A) , suggesting that these aquaporins are maternally inherited, as reported for mummichog aqp1aa (Tingaud-Sequeira et al., 2009). Interestingly, transcripts encoding zebrafish aqp3b and mummichog aqp3a are first noted at the onset of gastrulation, during which they are apparently accumulated in embryos (Tingaud-Sequeira et al., 2009; Figure 1A) . Later in development, aquaporin expression is generally enhanced where the expression of other paralogs such as aqp0a, -0b, -8aa, -10a, and -11b may be detected. This latter expression appears to be associated with organogenesis and tissue differentiation. For example, Aqp1aa and -8aa have been related to somitogenesis and vascular development (Sumanas et al., 2005; Tingaud-Sequeira et al., 2009; Chen et al., 2010a) , Aqp0a and -0b to normal lens development and transparency (Froger et al., 2010) , and Aqp11b to tail differentiation (Ikeda et al., 2011) .
In the early embryos of common mummichog (TingaudSequeira et al., 2009) and zebrafish ( Figures 1B-E) , immunolocalization experiments using specific antibodies have respectively revealed the presence of Aqp3a and -3b in the blastoderm cells as well as in the enveloping layer (EVL). In the mummichog, further accumulation of the Aqp3a protein is evident in the basolateral membrane of the EVL epithelium as well as in the membrane of migrating blastomeres at the marginal region of the blastoderm (Tingaud-Sequeira et al., 2009) . The localization of Aqp3a in the EVL of teleost embryos may indicate a role of this channel in water and solute transport during epiboly. Interestingly, the embryos of the common mummichog respond to environmental desiccation by accelerating development (Tingaud-Sequeira et al., 2009) . Under these conditions Aqp3a expression in the EVL is reduced, which could be a mechanism to reduce evaporative water loss through the EVL, while membrane localization of Aqp3a in migrating blastomeres remains unchanged (TingaudSequeira et al., 2009) . In recent years, water and solute transport www.frontiersin.org -7, and -10b transcripts are detectable throughout development, whereas aqp3b and aqp10a expression is only detected during gastrulation and onward, and at the onset of organogenesis, respectively. (B-E) Whole-mount immulocalization of Aqp3b in zebrafish blastula embryos (left) and 50% epiboly embryos (right) using specific antibodies . ( mediated by mammalian AQP1, -3, or -4 has been proposed to be involved in cell migration and proliferation by driving water influx, thus facilitating lamellipodia extension and cell migration (Papadopoulos et al., 2008; Monzani et al., 2009) . A similar role for AQP3 has been proposed during neural tube closure in X. laevis embryos (Cornish et al., 2009) . In teleost embryos, the specific pattern of Aqp3a expression in the plasma membrane of migrating blastomeres, and its persistence in mummichog embryos showing an accelerated rate of epiboly under desiccation conditions, also suggests the involvement of this aquaporin in cell migration during gastrulation. Preliminary experiments in common mummichog have shown delayed epiboly of embryos injected with an specific antibody against Aqp3a, and thus these observations may support the role of this aquaporin during cell migration (Chauvigné and Cerdà, unpublished data) . This potentially conserved role requires however further investigation. Moreover, teleost embryos also express other aquaporins such as aqp1aa, -7, and -10b during gastrulation (Tingaud-Sequeira et al., 2009; Figure 1A ), and therefore their functional relationships need to be elucidated.
CONCLUSION AND FUTURE PERSPECTIVES
Although available information remains scarce, increasing data indicate that aquaporins are involved in water homeostasis in reproductive organs and gametes of teleosts in addition to osmoregulatory mechanisms. At least one paralog (e.g., Aqp1ab), appears to be tightly regulated both at the gene and protein level during gametogenesis, underlining its importance for the production of gametes well adapted to the reproductive habitats. However, more studies are necessary in teleosts, particularly those using genetic and molecular approaches, as well as specific aquaporin blockers, to elucidate aquaporin function during reproduction. An understanding of the involvement of aquaporins in fluid movement in the teleost gonads and gametes may also lead to improved cryopreservation protocols to assist breeding and species conservation programs. R. (2004) . Cell specificity of aquaporins 0, 3, and 10 expressed in the testis, efferent ducts, and epididymis of adult rats. J. Androl. 25, 494-505. Ikeda, M., Andoo, A., Shimono, M., Takamatsu, N., Taki, A., Muta, K., Matsushita, W., Uechi, T., Matsuzaki, T., Kenmochi, N., Takata, K., Sasaki, S., Ito, K., and Ishibashi, K. (2011). The NPC motif of aquaporin-11, unlike the NPA motif of known aquaporins, is essential for full expression of molecular function. J.
